INTRODUCTION
A gene library of genomic DNA Klebsiella aerogenes of capsular serotype K1 was constructed in E. coli LE392 using the cosmid pMMB33. Culture filtrates of E. coli recombinants were screened by ELISA for extracellular polysaccharides specific for K. aerogenes K1. Extracellular polysaccharide extracts from K. aerogenes K1 and 3% of the E. coli recombinants contained immunoprotective extracellular polysaccharides (IEP) with similar chemical and immunological properties ag shown by gel filtration through Sephacryl 1000, double immunodiffusion and mouse protection tests. IEPs contained no detectable protein, had molecular weights of several hundred million and protected mice against lethal autologous K. aerogenes K1 challenge at a dosage of 10 nanograms per mouse.
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Klebsiella aerogenes (pneumoniae)
is an important nosocomial and opportunistic pathogen and such infections have high mortality and morbidity. K. aerogenes accounted for 7.5% of nosocomial infections in the U.S.A. [1] and 7.2% of those in the U.K. [2] . Patients affected may be neonates [3] or immunocompromised by burns [4] or cytotoxic therapy [5] . Worldwide K. aerogenes is renowned as a devastating primary lung pathogen [6] .
The apparent lack of success of chemotherapy against Klebsiella prompted our interest in immunotherapy. Capsular and extracellular polysaccharide extracts of K. aerogenes are immunoprotective [7] [8] [9] and are usually prepared from supernatants of cultures grown in a fermenter [10] or in batch cultures [11] . However, toxic and immunogenic impurities e.g. lipopolysaccharides and proteins of unknown origin [12] in these extracts give cause for concern [13] when considering them as vaccine candidates. We have investigated an alternative strategy for making Klebsiella IEP free from other immunogenic Klebsiella products. A cosmid vector pMMB33 (13.75 kb, Km r cos ~) was used to clone Klebsiella chromosomal DNA into a recipient E. co#, strain LE392. We have screened E. coli recombinants expressing klebsiella K1 IEP. In this preliminary report we compare the vaccine potential and chemical characteristics of IEP's from K. aerogenes K1 and an E. co# LE392 recombinant (K1/1).
MATERIALS AND METHODS

Bacterial strains and cosmid
K. aerogenes K1, a capsular type 1 strain was isolated from a patient with burns at Safdarjang Hospital, New Delhi [10, 14] . E. co# K12, strain LE392, a rough mutant [15] and the cosmid pMMB33 (Kin r cos ~) [16] were obtained from G.J, Boulnois, University of Leicester [17] .
Isolation and manipulation of DNA
Klebsiella chromosomal DNA was prepared according to the method of Marmur [18] . Cosmid (pMMB33) DNA was isolated by the bulk preparation method of Humphreys et al. [19] .
Preparation of cosmid vector arms was based on the method of Frey et al. [16] . Two aliquots (25 ~g) of the vector were digested with EcoRI or SstI (Boehringer) according to the recommendations of the suppliers. Each reaction was terminated by heating at 70°C for 10 min and the DNA was dephosphorylated with 1/~g calf intestinal alkaline phosphatase (Boehringer) for 1 h at 37 ° C. The reaction was terminated (60°C for 15 min) and the DNA was treated with tris-phenol and ethanol precipitated; linear cosmids were reconstituted in water and digested with BamHI to completion. Large fragments (approx. 25-35 kb) of Klebsiella chromosomal DNA were obtained by partial digestion with Sau3A (Boehringer) and ligated to prepared vector arms at a concentration of 1 /~g/ttl in a total volume of 20 #1 at 16°C overnight.
In oitro packaging and infection of host bacteria
E. coli strain LE392 was grown in NB2 nutrient broth (lab m) with 0.4% (w/v) maltose supplement to late exponential phase. 2 /~1 of ligation mixture was packaged into ~ phage packaging extract (P and S Biochemicals, Liverpool) for 2 h at 28°C. Packaged cosmids (100 /zl) and LE392 broth culture (200 #1) were mixed and incubated at 37°C for 20 min to allow phage adsorption. The reaction mixture was then incubated with a 1.0 ml of fresh nutrient broth for 45 rain at 37 °C before plating out on nutrient agar containing 50 /~ g/ml kanamycin.
Screening recombinants
Single colonies of E. coli Km r recombinants were patched on to kanamycin agar plates in a 7 × 6 row template corresponding to the pattern of steel pins in a 'comb block' for transferring bacteria to microtitre trays. Bacteria were incubated at 37°C overnight before screening for K. aerogenes K1 exopolysaccharides.
Enzyme-linked immunosorbent assay (ELISA)
Microtitre trays (84 wells) (Nunc II) containing 200 t~l nutrient broth, NB2 (lab m) with 50 ~tg/ml kanamycin were inoculated with the recombinants in duplicate on the same tray with a 'comb block' containing 42 pins. Of the remaining 12 wells, 4 contained nutrient broth only and served as contamination controls, 4 were inoculated with K. aerogenes K1 and 4 with E. coli LE392 in nutrient broth without kanamycin. Trays were sealed with wide cellotape (Dynatech) and lids and incubated at 37°C for 24 h. Growth in each well was confirmed by subculture on to solid medium using the 'comb-block'. Wells were emptied and ELISA was performed based on a previously described method [20] . Rabbit antiserum raised against formolised suspensions of K. aerogenes K1 and adsorbed with LE392 whole bacterial suspensions was used to detect polysaccharide bound to the wells of the trays. The positive controls (K. aerogenes K1) gave readings at 490 nm on a Dynatech minireader of 1,2-1.5. Recombinants were taken as positive if an 0.0.490 value of more than 1.0 was recorded. The negative control (LE392) gave readings around 0.3 at 0.0.490 .
Microassay for polysaccharide
Carbohydrates associated with the cell surfaces of the recombinants were detected by the method of Dubois et al. [21] . Colonies of recombinants from the 'comb-block' patterns on the kanamycin selective agar were suspended in 500 ~1 distilled water using a Whirlimixer (Fisons). The turbidity of the suspension was adjusted to 108 bacteria/ml using a turbidity meter (Drott). Suspensions were placed in a boiling water bath for 20 mins and centrifuged in Ependorff tubes at 12 000 X g for 5~-min. Supernatants (100 ~tl) were transferred to microtitre trays where 2.5 ~1 of 80% (w/v) phenol and 250 ~1 of concentrated sulphuric acid were added to detect carbohydrate, using Dextran T500 (Pharmacia) as sugar standard. After mixing and leaving for 20 min, the O.D. readings were recorded on a minireader (Dynatech). Recombinants giving readings above 0.75 were taken as positive polysaccharide producers: control colonies of
7. Polysaccharide extraction
A modification of the method of Cryz et al. [11] was used. Bacteria were grown for 6 h at 37 °C in 10 ml nutrient broth, NB2 (lab m) and added to 1 litre of NB2 enriched with 20 g glucose in a 2 litre Erlenmeyer flask. After growth for 20 h at 37°C with shaking (100 r.p.m.) bacteria were removed by centrifugation (10000 x g for 30 rain at 4°C) and positive pressure filtration through a 0.45/zM membrane in a 142 mm plate-filter (Sartorius Instruments Ltd.). Pre-warmed (30°C) cetyltrimethylammonium bromide (BDH, Analar) 10% (wt/vol) was added to the culture filtrate to give a final concentration of 0.5%. The precipitate was removed after stirring (1 h, 100 r.p.m.) by centrifugation (10000 x g, 15 min) and dissolved in 60 ml 1.0 M calcium chloride. Nucleic acids were removed by precipitation with 20 ml ethanol (final concentration of ethanol 25% (v/v)) followed by centrifugation and polysaccharides were precipitated by increasing the concentration of ethanol to 80% (v/v). After 18 h at 4°C polysaccharides were deposited by centrifugation (10000 × g, 30 rain) dissolved in 100 ml deionised water and deproteinised by a minimum of 5 extractions with chloroform/butanol, 5:1. After dialysis against several changes in deionised water, the polysaccharide was ultra-filtered with 1.0 litre of deionised water through an Ultrasart 50 diafilter (Sartorius Instruments Ltd.) containing a nominal molecular weight cut off (NMWC) membrane that retained molecules of more than 100 000 and subsequently freeze-dried.
Gel filtration
Polysaccharide extracts (1 mg in 1.0 ml buffer) were applied to a prepacked Superose 6 HR 10/30 FPLC column (Pharmacia) equilibrated in 0.15 M phosphate buffered saline (PBS), pH 7.4 and calibrated with blue dextran (Pharmacia) and sodium azide to determine the void volume and total bed volume respectively.
Polysaccharide extracts (4 mg in 4 ml PBS) were also applied to a Sephacryl 1000 column (2.5 x 50 cm) equilibrated in 0.15 M, PBS, pH 7.4, set at a flow rate of 30 ml/h with 5.0 ml fractions collected with continuous monitoring through an LKB 2238 Uvicord at 206 nm. Void volume was determined with K. aerogenes K35 chromosomal DNA (unsheared) and the total bed volume with sodium azide. Fractions from both columns were monitored for carbohydrate content [21] . Proteins were detected in fractions using the Bradford method [22] with BioRad reagent and bovine serum albumin (Sigma) as a stalldard.
Analysis of polysaccharides
Neutral sugars in the polysaccharide extracts were separated and analysed on a modified Jeol JLC-5AH amino-acid analyser. Chromatographic data was processed on an 8-channel VG Laboratory Systems Minichrom based on a DEC 350 Professional computer. Polysaccharide extracts (1.0 mg) were hydrolysed with 2.0 M trifluoroacetic acid at 100 °C for 6 h. Neutral sugars were separated by ion-exchange chromatography (Aminex A-28) of their borate complexes in a borate buffer gradient of increasing pH and ionic strength at Macromolecular Analysis Services, Birmingham. Sugars were visualised by mixing the eluant with orcinol/sulphuric acid (2V/1V) reagent, heating at 90°C for 5 min, followed by colour detection at 425 nm. This system detects a minimum of 1/~g of sugar per mg of extract.
Antiserum
Rabbit antiserum to formolised suspensions of K. aerogenes K1 was raised by increasing intravenous injection [23] .
Mouse antiserum to K. aerogenes K1, Frl5 was raised by intraperitoneal injection of 1.0 ml physiological saline containing 10/~g of Fr15 prepared from a freeze-dried preparation of Fr15 eluted from Sephacryl 1000. Mice were inoculated once a week for 5 weeks and bled by cardiac puncture 4 days after the final inoculation. Serum was stored at -21°C.
Immunodiffusion
Agarose (BDH) 3.5 ml, 1% in barbiturate buffer, pH 8.2 containing 3% polyethylene glycol (PEG 6000, BDH) was allowed to set on a 3" × 1" glass slide pre-coated with 1.0% agarose/water (w/v) [24] . Peripheral holes were 3 nun in diameter, centre hole 6 mm diam. with a minimum of 0.4 cm between holes. Antigens were used at 1 mg/ml, antisera used undiluted. Precipitin lines were read after 1, 2 and 3 days in a moist chamber at 25 o C.
Immunisation of mice
The vaccine potential of fractions eluted through a column of Sephacryl 1000 was assessed by immunising groups of 5 mice intraperitoneally on two separate occasions, with 1.0 ml of one or two doses of each fraction given 4 days apart. Mice were challenged 4 days later with a lethal intraperitoneal K. aerogenes K1 challenge, namely, 1.0 X 10 7 bacteria/ml for K. aerogenes K1 [10] . The dose of a column fraction for immunisation was based on the carbohydrate content of the fraction as estimated by the phenol/sulphuric acid method [21] using Dextran T500 (Pharmacia) as a standard. Fractions were diluted with physiological saline to achieve to doses shown in Table 2 and passed through a 0.45 /xM filter before inoculation.
RESULTS
Screening recombinants for Klebsiella polysaccharide
Of 756 E. coli Km r recombinants tested, 119 (15%) reacted positively in an ELISA with rabbit antisera specific for K. aerogenes K1, while 73/119 recombinants yielded a concentration of carbohydrate in supernatants of more than twice that Fig. 2 . Chromatograms of neutral sugar analysis using a fully automated modified JeoI-JLC-5AH amino-acid analyser. Sugar borate complexes released from an anion exchange resin (Aminex-A28) by increasing pH and ionic strength were visuafised by mixing with orcinol/sulphuric acid followed by colorimetric detection at 425 nm. 
Fraction number
2. Gel filtration
Gel filtration of polysaccharide extracts of both K. aerogenes K1 and E. coli LE392/K1/1 through Superose 6 resulted in a single carbohydrate fraction immediately following the void volume, indicating the molecular weight of the carbohydrates in the fraction to be in excess of 5 × 106. In an attempt to retain and therefore further separate the polysaccharides in the extracts we used Sephacryl-1000, which has an exclusion limit for molecules with molecular weights of more than several hundred million: the elution curves are shown in Fig. 1 .
The first 0.0.206 peak (Fr15) eluted after application of polysaccharide extract from K. aerogenes K1 appeared immediately after the void volume. It was rich in carbohydrate and contained no detectable protein. Fractions 23-30 (peak Fr27) also contained carbohydrate but showed no absorbance at 206 nm, while a third peak (Fr35) with a high 00206 absorbance contained very low levels of carbohydrate. In contrast, the elution curve of polysaccharide extract from E. co# LE 392 showed no carbohydrate at Frl5 and the highest concentration of carbohydrate coincided with the peak 0.0.2o 6 in Fr30-35. The recombinant K1/1 produced a small carbohydrate containing 0.0.206 peak at Fr15, similar to the K1 extract while the remainder of the elution curve resembled the curve of LE392 in both UV absorbance and carbohydrate content. The total protein content of the polysaccharide extract from K1 was 0.2% and for K1/1 was 0.35%; fraction 15 from K1 and KI/1 contained less than 25 /~g protein/ml.
3. Sugar analysis of klebsiella polysaccharide
Computer generated chromatograms of neutral sugar analysis of polysaccharide extracts of K. aerogenes K1, E. coli LE392 and E. coli LE Neutral sugars in polysaccharide extracts from culture filtrates of K. aerogenes K1, E. coli pMMB33 and E. coli pMMB33 K1/1 were separated by ion-exchange chromatography of their borate complexes on an anion exchange resin (Aminex-A28). Sugars were released by increasing ionic strength and pH of borate buffer and visualised by mixing the eluant in a stream of orcinol/sulphuric acid at 90 °C followed by colorimetric detection at 425 nm. Chromatographic data were processed on a VG Laboratory Systems Minichrom based on a DEC350 Professional computer by comparison with known sugar standards.
392/K1/1 detected with orcinol/sulphuric acid are shown in Fig. 2 . The main sugars in K1 extract were glucose and fucose. Galactose, xylose and mannose were also present. The polysaccharide extract from LE392, containing the cosmid pMMB33 without K1 DNA insert, showed a main merged peak in the area of the galactose and xylose markers with small amounts of glucose, fucose and mannose. The extract from the recombinant K1/1 contained more neutral sugars than LE392 (pMMB33). Galactose and xylose appeared as separate peaks as in K1 extract and more mannose was found than in either K1 or LE392 extracts. The overall pattern of the chromatogram of K1/1 seemed closer to K1 than LE392. An unidentified sugar was found in all 3 extracts. It was situated between the rhanmose and mannose markers. The amounts of neutral sugars in the three extracts in #g/mg are shown in Table 1 . Only sugars recognised by the markers are shown. The extract from the recombinant K1/1 contained more of each of the neutral sugars than LE392 but far less sugars than the K1 extract. Table 1 also illustrates that glucose and fucose are the dominant sugars in K1 extract whereas the dominant sugars in LE392 and K1/1 are galactose and xylose.
Immunodiffusion
Immunodiffusion against rabbit antiserum to a formolised suspension of K. aerogenes K1 of polysaccharide extracts from K. aerogenes K1 and recombinant E. coli LE392, K1/1 and K1, Frl5 (recovered after the void volume following elution of K1 extract through Sephacryl 1000) produced two precipitin lines common to all three extracts. No precipitin lines were produced by a polysaccharide extract from the native strain of E. coli LE392 using this antiserum. An antiserum to K1, Fig. 3 . Double immunodiffusion showing precipitation lines of identity between mouse protective polysaccharides. Antiserum (centre hole) was raised in mice to a polysaccharide fraction, K. aerogenes K1, Fr15, produced by gel filtration of a polysaccharide extract from K. aerogenes K1 through Sephacryl 1000. Wells 1 and 4 contained a polysaccharide extract from K. aerogenes K1, wells 2 and 5 contained the polysaccharide fraction K. aerogenes K1, Fr15 used for raised the mouse antiserum in the centre hole and wells 3 and 6 contained a polysaccharide extracted from E. coli pMMB33 K1/1, a recombinant bacterium carrying a DNA insert from K. aerogenes K1. Frl5 was raised in a mouse. A single precipitin line common to extracts from K1, K1/1 and K1, Frl5 was produced by immunodiffusion against this antiserum (Fig. 3) .
Active immunisation
Mice were immunised with individual fractions eluted from the Sephacryl 1000 column with a dose based on the carbohydrate content of the fractions (see Table 2 ). Fractions from polysaccharide extract from E. coli LE392 failed to induce protection against the K. aerogenes K1 challenge even though the doses of the fractions were higher than those given from K1 extract. IEP were only found in Frl5 after gel filtration of K. aerogenes K1 and E. coli LE392 K1/1 through Sephacryl 1000. IEP immunised mice at a dose of 10 ng of carbohydrate. Other peaks (Fr27 or Fr35) 259 containing carbohydrate were not protective at the doses shown.
DISCUSSION
E. coli K12 strain LE392 carrying the recombinant K1/1 composed of the cosmid pMMB33 and a chromosomal fragment from K. aerogenes K1 expressed immunoprotective extracellular polysaccharides (IEP) with immunological specificities and some physical properties similar to IEP of K. aerogenes K1. No detectable protein was found in IEPs of K1 and K1/1 using an assay [22] which can detect as little as 25/~g protein/ml. Less than 3% of recombinants expressed exopolysaccharides in culture supernatants in amounts similar to K1 (80 /~g/ml by microassay). K1/1 produced 70 btg/ml of polysaccharide. Protein levels in polysaccharide extracts from culture filtrates were lower (0.3%) than the level of 1% previously reported [11] , possibly because we modified the method by introducing an ultrafiltration step which removed all molecules with molecular weights of less than 100 000. The absence of protein in IEP Frl5 from K1 and K1/1 with molecular weights of several hundred million would not have been affected by the ultrafiltration membrane, but would have resulted from the molecular sieving action of Sephacryl-1000, a gel filtration matrix, which has not previously been used for separating out Klebsiella polysaccharides.
Computer analysis of neutral sugars detected by adsorption after orcinol/sulphuric acid treatment proved to be a highly sensitive method. Not only were expected dominant sugars detected in the polysaccharide extract e.g. glucose and fucose the main structural components of K. aerogenes K1 capsular polysaccharide [25] but also minor sugars, e.g. mannose in the E. coli LE392 extract, which is part of a postulated biosynthetic pathway in the production of colanic acid of some strains of E. coli K12 [26] . From the gel filtration and immunodiffusion results it is now apparent that several polysaccharides of different molecular size and immunological specificities are present in polysaccharide extracts and in future we may expect more meaningful results will be obtained when we analyse sugars in IEPs of a single molecular size.
From the exclusion limit of Sephacryl 1000, the molecular weight of IEPs was estimated at several hundred million. No difference in the vaccine potential of IEP from K1 or recombinant K1/1 was found in this pilot study. Fractions retained by Sephacryl 1000 were not protective in mice even when they contained carbohydrate, leaving the excluded fraction centred on the O.D. 206 peak around Frl5 as the only protective fraction. Immunodiffusion experiments with IEP and other polysaccharide fractions showed K1 and K1/1 IEPs to contain two distinct but shared antigenic determinants detected by rabbit antiserum to formolised K. aerogenes K1, and that one of these determinants failed to raise an antibody when inoculated into mice. If one discounts differences in immune response to Klebsiella polysaccharide as being due to immunising different animal species, then the difference in antibody response in rabbits and mice could be due to the purity of the antigens used for immunisation, the extra antigens present in the formolised bacteria exerting an adjuvant effect on the exopolysaccharides.
